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Abstract 
A newly developed process known as photochemical etching (PC etching), which 
combines optical imaging and wet chemical etching, can be utilized as an alternative to 
fabricate the master mold of a microfluidic device. During this process, a semiconductor 
substrate is submerged in an etchant solution. Structures are then etched into its surface 
based on the image formed by a commercial projector. Once characterized and optimized, 
PC etching could reduce or eliminate the iterative, costly process associated with 
conventional microfluidic device fabrication methods, according to C. Edwards et al. 
(2013). The PC etching method will potentially reduce overall costs by: (1) replacing 
expensive lithography mask design software with easily accessible Microsoft 
PowerPoint, (2) eliminating reliance on multiple lithography masks through virtual mask 
incorporation, and (3) eliminating the need for cleanroom use by relying on a projector-
based optical setup that can be housed in any classroom or laboratory.  
PC etching optimization consists of analyzing etching parameter values in order 
to develop a recipe that provides the highest resolution of etched features. This thesis 
seeks to examine the topic of PC etching optimization by providing an in-depth analysis 
of how varying operator parameters such as etchant concentration, etchant type, 
illumination color and intensity, etch duration, and current density affect the resolution of 
photo-chemically etched GaAs devices. 
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1. Motivation 
Semiconductor materials have been an integral facilitator of human progression 
since gaining prevalence within the electronics industry during the mid-twentieth century. 
These materials are most notably used to fabricate integrated circuits, an industry that 
profited $28 billion worldwide in August 2016 alone, according to the Semiconductor 
Industry Association.1 Additionally, due to the increasing demand for energy sources that 
are environmentally friendly as well as efficient, the use of semiconductors within 
renewable energy applications continues to increase: the U.S. Energy Information 
Administration reports that there was a 29% increase in solar energy consumption during 
January – July 2016 compared to consumption within the same time interval in 2015.2 A 
lesser-discussed, yet still pertinent, application of semiconductor materials is microfluidic 
device fabrication, which will be discussed in detail within this thesis.  
Microfluidic device fabrication is conventionally a very iterative process. First, a 
hard mask is placed on the surface of a semiconductor material such as gallium arsenide 
(GaAs) or silicon (Si) during photolithography. Then, undesired material is removed 
during wet chemical etching. If the structure is of uniform depth, the process stops here; 
however, most microfluidic devices consist of varying levels, so the aforementioned 
process is then repeated for each depth of the device. Lastly, the resulting etched 
semiconductor material becomes the master mold onto which a polymer is poured in 
																																																								1	semiconductors.org 	2	eia.gov 	
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order to form the final, biocompatible device. Microfluidic devices must be 
biocompatible for use in medical diagnostics. 
The American Cancer Society predicted that within the year 2015 alone, 
physicians would diagnose over 1.6 million new cases of cancer [2]. It is widely accepted 
that the sooner a patient begins treatment for a disease, the greater the likelihood of his or 
her survival. Early treatment is made possible with early diagnosis. While various 
diagnostic technologies exist, the utilization of microfluidic devices for such a purpose 
has continued to increase since their inception in the 1980s. One can attribute this 
increase to associated device benefits, which include lower sample volume requirement, 
portability, ease-of-use, and prompt delivery of results [3, 4]. Two of the most notable 
microfluidic devices that demonstrate the aforementioned qualities are glucose tests and 
pregnancy tests. The conventional method of microfluidic device fabrication involves the 
photolithography of a material, such as silicon or glass, in order to create a master mold 
of the microfluidic channels [5]. The mold is then used to replicate the channels in a 
biocompatible material. This thesis proposes utilizing photochemical etching (PC 
etching), a cost- and time-efficient method, rather than photolithography to create that 
master mold. To begin, this thesis will discuss an appropriate microfluidic device for 
disease diagnostics. Then, it will detail the properties of PC etching that make it a 
feasible alternative to the conventional method of microfluidic master mold fabrication. 
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2. Proposed Microfluidic Device Design 
There are many ways to categorize microfluidic devices based on: 1) functionality 
(e.g. cell separation versus rare cell capture), 2) fluid transport method (e.g. lateral flow 
versus electrically-driven flow), 3) material composition, 4) channel size (e.g. micro- 
versus nanometer range), 5) ability to produce qualitative or quantitative results, or some 
combination of these and other features; nonetheless, future references to the term 
“microfluidic device” or “the device” in this thesis are intended to mean a device with the 
following characteristics: applied lateral pressure-driven flow, polydimethylsiloxane 
(PDMS) composition, cell capture functionality (with quantitative detection capability), 
and micro-scale lateral dimensions. The integration of an immunoassay or a sensor or 
both is expected to enable quantitative detection. It is proposed that implementing the 
chosen characteristics with PC etching will provide a simple, cost-efficient design that 
targets multiple cells. 
While the master mold discussed throughout this thesis does not include all of the 
features of a final microfluidic device (Figure 1), such as the two inlets housed on the 
sides of a final device to enable lateral pressure-driven flow into and out of the device, it 
does include other important features that enable the physics of the final device to work.  
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Arguably, the most important feature of a microfluidic device is its channels. This 
master mold is based on a common design known as a Weir filter, which is a barrier that 
prevents larger particles from flowing above it [6]. Its channels will appear as a staircase 
when observed from a cross-sectional view. Weir filters operate on the principle that once 
cells within the sample solution encounter a barrier of certain height, they will be sorted 
(based on physical properties of the cells). As a result, barrier heights must correspond to 
the diameters of the targeted cells. It is expected that the deepest barrier of the final 
device, which will be located closest to the inlet, will initiate the trapping process by 
capturing larger cells. As the sample solution flows laterally toward the outlet, the 
diameter of the trapped cells will continue to decrease.  
PC etching can easily the implement height requirements and also replicate the 
average channel widths of 20 µm associated with microfluidic devices [5]. Once desired 
cells are captured, immunoassays (i.e. detectors that tag specific analytes) or sensors or 
both can be integrated with the device in order to quantify the number of captured cells. 
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Figure	 1.	 Final	 microfluidic	 device	that	operates	based	on	a	Weir	filter.			 
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Though the master mold is composed of GaAs, PDMS should be chosen for the final 
device material due to its extensive use in general microfluidic device fabrication. This 
silicon-based organic polymer is elastic, easily moldable, and compatible with biological 
samples [7]. It should be poured onto the surface of a GaAs master mold in order to 
replicate its form, reproducing its channel dimensions. Holes can then be drilled in the 
sides of the PDMS device for the inlet and outlet, and tubes can be added to enable 
sample solution flow.  
Compared to PC etching, microfluidic mold fabrication that involves gray-scale 
masks or laser-scanning methods can be costly [8]. With photolithography, a physical 
mask molds the photoresist that allows selective etching of a substrate like silicon or 
glass [5]. To etch various depths within a material, multiple masks and photoresist molds 
are necessary. The masks are typically designed using expensive software like AutoCAD. 
Additionally, a UV light source and a cleanroom are necessary to create the various 
photoresists and adhere them to the substrate surface (Figure 2). Like photolithography, 
PC etching can also be used to create different semiconductor devices; however, PC 
etching requires fewer processing steps and less expensive equipment. Instead of 
requiring physical masks, it uses a virtual mask that can be designed in Microsoft 
PowerPoint. Various depths can be etched using one mask by simply varying the color 
and intensity used in the design; thus, the reliance on photoresists and the molds used to 
make them is eliminated. 
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Figure	2.	Schematic	showing	one	of	ten	steps	required	to	 fabricate	 the	 proposed	 device	 using	 conventional	methods. 
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3. Virtual Mask for PC Etching 
The virtual mask is displayed via a digital light processing (DLP) projector 
(Figure 3). The incident light propagates through an optical system onto a substrate that is 
submerged in an etchant. The setup consumes a small area of a standard optical table. Not 
only should space consumption of the experimental setup and equipment costs be 
considered when comparing PC etching to photolithography, but the quality of etching 
must also be evaluated. In general, microfluidic devices require micro-scale resolution 
laterally and a small computed quantity for edge-resolution, which measures the change 
in the edge’s width with respect to its change in height [5, 8]. With photolithography and 
isotropic wet etching, there is typically a small yet noticeable undercutting of the edge 
beneath the substrate surface. Alternatively, PC etching typically causes a large 
broadening of the edge because etching can occur outside of an illuminated region at 
distances on the order of the minority carrier’s diffusion length; nonetheless, PC etching 
is able to resolve features as small as 2 µm in-plane. It can simultaneously etch multiple 
features on the same wafer to different depths with nanometer precision. Fortunately, 
these etch characteristics suit the design requirements of a standard microfluidic device. 
Evaluation of the following three properties should aid in resolution improvement for PC 
etching: the diffraction limit of the incident light, the diffusion of generated carriers, and 
the appearance of aberrations in the optical setup [8]. 
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Figure	 3.	 a)	 Initial	 virtual	 mask	 proposed	 to	 fabricate	 a	 microfluidic	using	PC	etching.	b)	Cross-section	of	the	proposed	device.	 
a)	 
b)	 
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4. Physics of PC Etching 
In order to understand why etch resolution is affected by the aforementioned 
parameters, it is first necessary to understand the general processes that occur during 
photochemical etching. Note that in this thesis, the terms “substrate” and “sample” will 
refer to an n+ GaAs wafer, unless otherwise specified. One can begin by understanding 
wet chemical etching and then proceeding to consider the effect of sample illumination 
on that process. Wet chemical etching, which occurs even without illumination, works 
due to the composition of the etchant used [9]. The etchant is a solution composed of an 
acid, oxidizing agent, and diluent like water. The oxidizing agent reacts with substrate 
surface molecules. The acid then reacts with the modified, oxidized surface to form 
water-soluble products. Oxidation and reduction reactions occur simultaneously during 
wet etching, causing electron loss and gain across the surface. This reaction begins upon 
immediate contact of the etchant with the substrate, causing what is known as a positive 
“dark” etch rate. If the oxidizer is removed and there is still no direct illumination 
present, the dark etch rate will be zero [10]. If one immerses a sample in an etchant 
composed of solely acid and water and illuminates it with light of a higher energy than 
the bandgap of the semiconductor, etching will occur. This is due to photon absorption by 
the material, which generates electron-hole pairs within the substrate.  
Although both holes and electrons are generated during illumination, the minority 
carriers are what actually contribute to surface etching [11, 12]. For n+ GaAs, the 
generated holes travel to the surface to oxidize gallium and arsenic atoms. The acid then 
reacts with the oxide to produce a water-soluble product [10]. There is a condition that 
the lifetime of the minority carriers (i.e. holes in this case) must be long enough for them 
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to reach the surface; otherwise, etching due to carriers will not occur. This phenomenon 
is closely related to the diffusion length of minority carriers, as well. If all of the holes 
recombine with electrons before traveling to the surface, etching due to carriers will not 
occur in this case either. In addition to minority carrier lifetime and diffusion length, 
impurity concentrations greatly affect these “carrier-driven reactions,” as minority carrier 
lifetime is much shorter in semiconductors with high impurity concentrations compared 
to those with low impurity concentrations [12]. As a result, the greater the dopant 
concentration, the slower the etch rate. In summary, both carrier-driven reactions along 
with oxidation from a chemical etchant enable PC etching to occur. 
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5. Optical Setup 
The optical setup that is currently being used involves a DLP projector, two lenses 
with specific focal distances and a beam splitter (Figure 4). Within this purchased 
projector is another optical system that has not been modified. It consists of a halogen 
light source that reflects off of a beam splitter, a color-wheel that sends the incident light 
to a microarray of mirrors, and a projector lens that displays the image. The microarray of 
mirrors sits in the source plane to aid in pixel creation by choosing whether to reflect 
light filtered by the color wheel. The image that is initially formed within the projector 
reaches the projector lens and is then transformed by additional optics (i.e. the two lenses 
and the beam splitter). As a result, one can view a projected image replica in the 
conjugate image plane. The image displayed in the conjugate image plane is a replica of 
what etches onto the sample, noting a variation in magnification. If the chromatic 
aberrations are visible in the conjugate plane, they will reproduce on the sample plane, 
affecting resolution (Figure 5). During experimentation, lenses were exchanged in order 
to correct chromatic aberrations. Mirrors were also added in order to condense the optical 
setup while maintaining proper optical path lengths for the projected image.  
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In addition to chromatic aberrations, the diffraction limit of light will also affect 
the resolution of etched structures. This effect is expressed mathematically with Abbe’s 
formula (Equation 1) [8]. Each projected color has a different resolution and a different 
etch rate.  White light maintains the poorest resolution although the quickest etch rate, 
	 	 	 		 	 	 	
		
Figure	 5.	 Schematic	 of	 chromatic	 aberrations	projected	onto	the	conjugate	sample	plane. 
Figure	4.	Diagram	showcasing	the	original	optical	 setup	 utilized	 in	 the	 Photonics	Systems	Laboratory. 
	 13	
while blue light maintains the best resolution along with the slowest etch rate (when 
comparing red, green, blue, and white light). Varying the intensity of a specific color also 
influences etch rate: high intensities etch faster than low intensities.  
 
𝑑 =  0.61 𝜆𝑁𝐴   
 
  
 
As shown in Figure 6, some lenses were highly reflective, causing multiple 
reflections of projected images. There were also multiple reflections caused by the beam 
splitter (Figure 7). The lenses were easily replaced with those with anti-reflective 
coatings. The task of eliminating multiple reflections is more complicated. Some 
researchers have attempted the process by adjusting the angle of the beam splitter [13] so 
that ghost reflections perfectly overlap, while others seek more expensive beam splitters 
such as a pellicle one that remedies the situation, although the pellicle splitter is very 
fragile and cannot handle the high intensity of a projector.    
 
 
 
 
 
 
Equation	 1.	 Abbe’s	 formula,	 where	 𝜆 	is	 the	wavelength,	and	NA	is	the	numerical	aperture	of	the	lens. 
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Figure	 6.	 Image	 showcasing	 the	 projected	 image	being	reflected	back	onto	the	projector	from	which	it	originates.	 
Figure	 7.	 Image	 of	 Teflon	 sample	 holder	 sitting	 on	stage	below	beam	splitter	and	objective	lens	before	an	etch.	 
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6. Device Analysis 
Samples were analyzed using three tools: a diffraction phase microscope (DPM), 
a scanning electron microscope (SEM), and an AlphaStep profilometer, with heavy 
reliance on the profilometer. DPM is a non-invasive metrology tool that outputs a top 
view of sample heights (and depths) along with a cross-sectional view of sample 
structures. This Mach-Zehnder interferometer uses phase information to reproduce 
sample features [14]. The AlphaStep profilometer provides a quick means of obtaining 
the cross-sectional view of a sample by sending a stylus across the surface (Figure 8). 
 
 
 
 
 
 
 
The SEM allows one to see the profile of the etched sidewalls. It also allows one 
to measure features that are laterally smaller than the DPM resolution or the diameter of 
the profilometer stylus. For example, the SEM once verified that an etched channel that 
was fabricated using a 160 X 160 µm white mask with a 255 color-level intensity 
produced additional steep trenches against the sidewalls of the channel. Note that the n+ 
GaAs samples had to be cleaved and that a cross-sectional view was required to analyze 
the sample with the SEM, as a top-view of the device would not appear on the display 
monitor. 
	
	 	
	 	AlphaStep	Stylus	should	be	at	structure	edge 
200	pixels 
	
	
Figure	8.	Schematic	of	AlphaStep	profilometer	software	interface	shown	when	gathering	data	from	characterization	experiments.	 
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7. Methods 
An optimally etched device has the following characteristics: 1) an edge 
resolution that is less than or equal to that associated with conventional photolithography 
and wet etching, 2) a smooth surface, 3) a relatively short etching duration, and 4) 
dimensions corresponding to the desired microfluidic prototype. Edge resolution 
describes the slope of an edge [8].  
A negative edge resolution is associated with wet chemical etching and 
photolithography; it indicates that undercutting is present. Conversely, PC etching 
produces positive edge resolution. Nonetheless, the magnitude of edge resolution is more 
important than the direction and, currently, the magnitude of undercutting associated with 
photolithography is significantly lower than that associated with PC etching.  
A smooth surface is one that is free of pits. These pits develop when wet chemical 
etching occurs at a high rate. Such a phenomenon is common when a sample is etched 
while illuminated [15]. Etch rate can be increased further by applying an electrical bias to 
the sample. Doing so creates current and allows for current density variation. In general, 
current density is affected by the following parameters: substrate illumination, etchant 
type, etchant concentration, and voltage magnitude. Previous studies demonstrate that an 
optimal current density can also effectively reduce pitting on semiconductor surfaces and 
eliminate the edge effect, or the tendency for wet chemical etching to induce excessive 
etching along the corners of illuminated substrates [15]. Although the current density of 
an illuminated substrate is proportional to etch rate note, however, that etching can still 
occur without sample illumination. This is known as dark etching, and its etch rate is 
significantly lower than that associated with illuminated substrates [8].  
	 17	
Due to the fact that the desired device consists of channels that are 150 µm wide, 
the optimal PC-etched device should consist of channels that are 150 µm ± 15 µm wide, 1 
µm ± 10 nm high, and 800 µm ± 80 µm deep. Doing so would result in dimensional 
accuracies that are better than 10% laterally and 1% vertically.  
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8. Results 
The following parameters were varied in order to characterize the photochemical 
etching of n+ GaAs: chemical composition of etchant, etchant concentration, color 
(optical spectrum) of incident light, intensity of incident light, etching duration, and 
current density. An attempt was made to control all other parameters except for the one 
being studied. Three different acids were used to create etchants: phosphoric acid 
(H3PO4), citric acid (C6H8O7), and hydrochloric acid (HCl). Etchant concentrations varied 
from 0.02% to 5% acid in water. The oxidizer hydrogen peroxide (H2O2) was added to 
phosphoric acid solutions. A 1:1:50 H3PO4:H2O2:H2O solution was previously 
established as a standard etchant [8]. Hydrochloric and citric acid-based etchants were 
individually made without oxidizing agents in order to determine whether sample 
roughness could be minimized without an oxidizer. Etchant composition and current 
density were varied in order to fabricate the smoothest surfaces and devices with the best 
edge resolution (i.e. most vertical side walls). The following parameters were varied to 
analyze the effect on etch rate: etchant concentration, illumination intensity, color, 
etching duration, and current density.  
 
8.1 Etchant Concentration vs. Etch Rate 
 Four trenches were etched in order to determine how an increase in etchant 
concentration affects the etch rate and deposition of particles onto the surface of a GaAs 
wafer. The color level intensity was controlled and the acid concentration was varied by a 
small percentage: approximately 2%.  The illumination colors studied included white, 
blue, green, and red light. The appearance and, thus, the optical spectrum for each color 
	 19	
was slightly different depending on whether Microsoft PowerPoint or Paint was used. 
Using a 1:1:50 (H3PO4:H2O2:H2O) concentration (i.e. 2% H3PO4) and an intensity of 128 
for each color, the etch rates for white, blue, green, and red were obtained. They were 6 
nm/s (white), 4 nm/s (blue and green), and 2 nm/s (red) (Figure 9). For a 2:1:50 
(H3PO4:H2O2:H2O) concentration (i.e. 3% H3PO4), the etch rates for white, blue, green, 
and red light were 11 nm/s, 4 nm/s, 4 nm/s, and 3 nm/s, respectively. Note that for white 
light, the etch rate increased by 83%. The etch rates for blue and green light did not 
change. The etch rate for red light increased by 33.3%. The profile in Figure 9 also 
showcases a strange effect near the red trench etched with the 3% concentration.  
 
 
 
Figure	 9.	Profile	of	 two	substrates	etched	using	a	 color	 level	 intensity	of	128.	A	1:1:50	(H3PO4:H2O2:H2O)	 etchant	 was	 used	 for	 the	 blue	 graph.	 A	 2:1:50	 (H3PO4:H2O2:H2O)	etchant	was	used	for	the	red	graph.	The	color	used	to	etch	the	trench	is	labeled	above	it. 
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Both surface profiles associated with the two different concentrations contained 
spikes. These spikes may correspond to particle deposits. It is likely that the resulting 
etched material was unable to dissolve within the length of the etch session. Another 
possibility for the local spikes is the presence of defects within the mechanical grade 
wafer that caused a variation in etching at those specific locations. The edge effect is 
significant in the corners of the white trenches for each concentration. This is due to the 
high etch rate of white light even with diluted concentrations of etchant as low as 2% and 
3%. It is likely that the negative gradient near the red trench etched with the 3% solution 
occurred due to its location near the edge of the GaAs substrate. This suggests that the 
surface of the GaAs substrate is not entirely uniform.  
 
8.2 Increasing Surface Oxidization 
The process of light absorption and minority carrier generation was explained in 
the Physics of PC Etching section of the thesis. With an n+ GaAs substrate, the minority 
carriers are holes, and they are responsible for initiating the etching process. These 
minority carriers begin by oxidizing the surface. Additionally, there is another component 
of PC etching that can oxidize the surface: the etchant solution. With the presence of an 
oxidizer such as H2O2, etching will occur without sample illumination. This process is 
known as dark etching. To study the effects of the oxidizer, its concentration was 
increased from 1:1:50 (H3PO4:H2O2:H2O) to 1:6:50 (H3PO4:H2O2:H2O). This recipe 
created an extremely delicate surface that scratched easily (Figure 10). Further study of 
the substrate was discontinued to avoid contamination of characterization tools since it 
contained carcinogenic arsenic compounds. Therefore, we discourage use of such a high 
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concentration of oxidizer on a GaAs substrate outside of a fume hood.  
 
 
 
 
 
 
 
 
 
8.3 Oxidizer-free Etchant 
To observe the effects of not including the oxidizer in the etchant solution, a 1:30 
H3PO4:H2O solution was prepared. Etching results were observed in order to determine 
how the recipe affected etchant rates and surface roughness. Microscope images of the 
resulting structures are shown in Figure 11. The contrast of each square is a qualitative 
indicator of the etch depth, with red and green being the closest in measurement.   
 
 
 
 
 
 
 
R G B W 
Figure	 	 10.	Microscope	 image	 of	 heavily	 oxidized	 300	 X	 300	 μm	 square	 etched	 using	 a	 1:6:50	(H3PO4:H2O2:H2O)	etchant.	Scratches	created	by	gentle	handling	with	tweezers	can	be	seen.    
Figure	 11.	 Microscope	 image	 of	 four	 300	 X	 300	 μm	structures	etched	using	etchant	solution	without	oxidizer.	 
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Removing the oxidizer eliminates the edge effect (Figures 12 – 13). The 
saturation of etching in the corners of the white trenches was completely eliminated in 
this case; however, removal of the oxidizer also alters the dimensions of the etched 
structures, as the lateral etching of features is still non-uniform. Rather than having a 
square trench after the etch session, a more curved structure resulted. As expected, etch 
depth was shown to be proportional to color intensity level.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure	 12.	 AlphaStep	 profile	 of	 structure	 etched	 without	 oxidizer	 using	 a	 color	intensity	 of	 128.	 Etch	 rates	 are:	 white	 (3.8	 nm/s),	 blue	 128	 (~0	 nm/s),	 green	 128	(0.054	nm/s),	and	red	128	(0.073	nm/s).	
 
W B G R 
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8.4 Lens Modifications 
After adjusting the optical setup to reduce the chromatic aberrations (by installing 
achromatic lenses) within the setup, the sharpness of the etched structures improved. One 
can now see the details of the etched structures via a microscope (Figures 14-18). The 
achromatic lenses used had different focal lengths than the previous lenses they replaced 
in the setup. As a result the conversion factor, which describes the amount of pixels of a 
virtual mask that correspond to one square micron within the sample plane, decreased 
approximately by a factor of one-half; the physical dimensions of the newer structures 
were one-half of the previous ones because the same 1920 X 1080 pixel virtual mask was 
used to produce the structures. 
  
 
Figure	13.	AlphaStep	profile	of	structures	etched	without	presence	of	oxidizer	in	etchant	solution	using	a	color	intensity	of	255.	Etch	rates	are:	white	(3.7	nm/s),	blue	255	(0.079	nm/s),	green	255	(0.24	nm/s),	red	255	(0.31	nm/s).	
 
R G B W 
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W B G R 
Figure	14.	Details	of	four	165	X	165	μm	trenches	etched	using	white	(W),	blue	(B),	green	(G),	and	red	(R)	light	and	color	intensity	128	now	visible	due	to	modification	of	optical	setup.		 
Grains 
W 
Figure	 15.	Details	 of	 trench	 etched	with	white	 (W)	 light	 now	visible	due	to	modification	of	optical	 setup.	Grains	 showcasing	etching	of	the	165	X	165	μm	structure	are	now	visible.	 
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Grains	 
B128 
Figure	 16.	Details	 of	 trench	 etched	with	 blue	 light	 of	color	 intensity	 128	 (B128)	 now	 visible	 due	 to	modification	 of	 optical	 setup.	 Pits	 and	 grains	showcasing	etching	of	the	165	X	165	μm	object	are	now	visible.	 
 Grains	 
G128 
Figure	17.	Details	of	trench	etched	with	green	light	of	color	intensity	 128	 (G128)	 now	 visible	 due	 to	 modification	 of	optical	 setup.	 Grains	 showcasing	 etching	 of	 the	 165	 X	 165	μm	object	are	now	visible.	 
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Notice that the grains on the structure created with white light are spaced farther 
apart than those etched with red, green, or blue light. Pit spacing for the structure etched 
with green 128 (G128) is similar to that etched with blue 128 (B128). The discrepancy 
between the grain spacing of structures etched with white light compared to that of 
structures etched by other colors may be attributable to how the color white is created by 
the light source. In the case of the DLP projector utilized during these experiments, white 
light is created by keeping the DLP mirror in the “on” state for every filter in the rotating 
color wheel, including the empty filter. Conversely, to create red, green, and blue light, 
the DLP mirror only switches on when the respective color filter in the rotating wheel 
passes by. Perhaps if the images of structures etched with red, green, and blue light with a 
color intensity of 255 were combined, the resulting square would be similar to the white 
trench shown in Figure 18.  
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Figure		18.	Details	of	four	165	X	165	μm	trenches	etched	with	white	(W),	blue	(B),	green	(G),	and	red	(R)	light	using	color	intensity	255	now	visible	due	to	modification	of	optical	setup.		 
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Occasionally during etching, defects would result. Defects occur due to the grade 
of the wafer and the high etch rates. The affected areas showcased their defects in two 
manners: a raised bubble (Figures 19 – 21) or a deep pit, both covering a relatively small 
portion of the etched area. No defects are shown on the trench etched with blue 255 due 
to the slow etch rate (Figure 22).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
W 
Figure	19.		Details	of	 trench	etched	with	white	(W)	light	on	same	substrate	as	three	other	trenches	etched	with	blue	255,	green	255,	and	red	255.	Grains	are	visible	 on	 the	 165	 X	 165	 μm	 square.	 Additional	 bubbles	 (defects)	 are	 also	present	due	to	overall	increase	in	power	on	substrate	during	etching. 
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Figure	21.	Details	of	grain	spacing	shown	for	highly	magnified	image	of	trench	etched	with	white	(W). 
 
 
Figure	20.	Defect	presented	as	air	bubble	on	magnified	image	of	white	trench. 
 
W	(zoom) 
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Throughout the experiment, the optical setup was continuously modified in order 
to reduce the amount of chromatic aberration. As previously mentioned, a change in focal 
lengths of the lenses caused a demagnification of images within the sample plane. This 
decrease in the dimensions of the projected image increased the incident power per unit 
area and, thus, increased the etch rate of all colors, noting that white light increased 
significantly (from 3.7 nm/s to 18 nm/s). The structure etched with blue 128 is now 
visible unlike before (i.e. Figure 23 versus Figure 12).  
 
 
 
 
 
 
 
 
B255 
Figure	 22.	Magnified	 image	 of	 trench	 etched	with	 blue	 light	 and	 color	intensity	255	(B255)	that	showcases	details	of	grain	spacing.	 
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8.5 Variation of Structure Dimensions 
It appears that structure dimensions have a greater impact on an etching session 
than the presence of additional colors projected onto a substrate. As shown in Figure 24 
and Figure 25, a white trench that was 165 X 165 µm etched at a rate of 6 nm/s while a 
white trench of 300 X 300 µm in the second figure etched only 3.7 nm/s. Without the 
presence of the additional trenches etched with other colors, the etch rate for the 165 X 
165 µm trench would have been even higher. The edge effect can be observed in the 
corners of the white trenches. 
 
 
   
Figure	23.	AlphaStep	profile	of	four	trenches	etched	with	red	(R),	green	(G),	blue	(B),	and	white	(W)	light	without	oxidizer	present	in	etchant	solution.	Etch	rates	were:	1.58	nm/s	(red	128),	1.73	nm/s	(green	128),	0.52	nm/s	(blue	128),	and	18.28	nm/s	(white).		
R G B W 
	 31	
 
 
 
 
 
 
 
 
 
 
8.6 Etchant Composition Variation 
High etch rates cause rough surfaces on mechanical grade wafers. Etch speed was 
analyzed for three acids and the results in order of fastest to slowest are as follows: HCl, 
H3PO4, C6H8O7 (Figures 26 – 28).   
 
 
 
 
 
 
 
 
 
Figure	 24.	 Profile	 of	 trenches	 etched	 using	 a	modified	 optical	 setup	 that	 reduced	magnification	 in	 the	 sample	 plane	 and,	 thus,	reduced	 dimensions	 of	 etched	 features.	 Color	intensity	of	128	was	used.	Etch	rates	increased	for	 each	 color	 (wavelength).	 White	 light	 etch	rate	 was	 6.0	 nm/s	 for	 the	 165	 X	 165	 μm	structure.	 
R G B W 
Figure	 25.	 Profile	 of	 trench	 etched	 using	previous	 optical	 setup.	 White	 light	 etch	 rate	was	 3.7	 nm/s	 for	 the	 300	 X	 300	 μm	 trench,	demonstrating	 that	 structure	 dimensions	impact	etch	rate.	 
Figure	 26.	Profile	 for	trenches	etched	with	 red	 (R),	 green	(G),	blue	(B),	and	white	(W)	light	using	1%	concentration	of	HCl. 
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Figure	27.	Profile	for	trenches	etched	with	white	(W),	blue	(B),	green	(G),	and	red	(R)	light	using	1%	concentration	of	H3PO4. 
 
Figure	 28.	 Profile	 for	 trenches	 etched	 with	 white	 (W),	 blue	 (B),	green	(G),	and	red	(R)	light	using	1%	concentration	of	C6H8O7. 
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8.7 Substrate Doping Selection 
An attempt was made to verify the theory of PC etching based on the physics that 
minority carriers generated by light absorption oxidize the surface and initiate the etching 
process. During most characterization experiments, n+ GaAs wafers were used. During a 
series of experiments, however, intrinsic GaAs was also used. We experimented with 
various colors, color intensities, etchant types, and etchant concentrations on the intrinsic 
material. Regardless of the recipe used, etching did not occur on the undoped GaAs 
wafers. 
 
8.8 Observing the Ubiquitous Edge Effect 
When the dimensions of a structure are small, the order of mask exposure is 
unimportant. For example, etching a structure by exposing objects from left to right 
versus from right to left will not impact etching when the dimensions of the etched 
structure are small (e.g. on the scale of 100 µm). While etchant molecules diffuse based 
on the location of substrate illumination, the etchant does not saturate the edges by 
running off of the highest step and pouring onto the lower steps. To test this idea, color 
intensities for blue light were varied in order to obtain three trenches of varying depths. 
Each step was etched individually by blocking the other two steps, and etch duration was 
held constant for each step. The deepest step maintained the same slope magnitude when 
the sample was created by etching the three trenches in ascending order based on depth 
and when the sample was created by exposing the trenches in descending order based on 
depth. Regardless of which color intensity was exposed first, the steepest trench always 
showed the worst leveling (Figure 29).  
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There is a method to improve the leveling of the steepest trench: simultaneous 
etching of the three steps; however, it sacrifices the etch quality of the other two steps. 
There is a difference in etch quality of the steps when using solely one mask with a color-
level gradient that allows simultaneous exposure of mask elements as opposed to using 
multiple masks that require individual element exposure. In the former case, the deepest 
trench etches optimally while the others slope. In the latter case, the steepest trench 
etched with a slant while the other two steps demonstrated uniform lateral etching. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure	 29.	 Staircase	 etched	 using	 varying	 color	intensities	 of	 blue	 light.	 Regardless	 of	 exposure	order	of	the	color	intensities,	left	(steepest)	trench	maintained	the	worst	leveling.			 
-1.4	-1.2	
-1	-0.8	
-0.6	-0.4	
-0.2	0	
0.2	
0	 100	 200	 300	 400	 500	 600	
Blue	64_96_128	Ascend_Descend	
Ascend	Descend	
Step	Width	(um) 
St
ep
	D
ep
th
	(u
m
) 
	 35	
For this experiment, the color and intensity were set to blue and 64, respectively. 
Each step was exposed separately, and the duration of light exposure varied in order to 
produce the desired depth. The deepest trench confirms that as time increases, leveling 
deteriorates for lower color levels. This suggests that etch quality depends on both etch 
rate and etch depth. Additionally, to determine how the saturation of etchant molecules 
within the corners is affected by object separation on a substrate, the color and intensity 
were fixed while the duration of light exposure was varied to obtain different etch depths. 
Simultaneous etching combined with blocking (i.e. all three steps were illuminated for 2 
minutes, then just two, and lastly one) was utilized to obtain the results.  
In Figure 30, one can observe a new trend in the resulting profile: all three 
trenches are sloped in the same direction. Notice that the steepest trench (i.e. trench A) 
had the greatest slope. In general, the magnitude of the slope increased with the etch 
depth. This is likely because the etchant molecules have a tendency to initially diffuse to 
the local area with the highest power or highest oxidation to undergo chemical reactions. 
After the etchant molecules saturate the local area, they diffuse outwardly to neighboring 
areas to continue the etching process. In this experiment, color intensity was controlled so 
there was no local area with the highest power. Instead, there was a local area with the 
highest oxidation: trench A, which was illuminated the longest. After saturation occurred 
in that area, the etchant molecules diffused outwardly. When they diffused to areas that 
were not illuminated (i.e. to the left of trench A), etching did not occur; however, when 
they diffused to the other illuminated areas to the right, etching did occur.  
For this experiment, the concentration of etchant molecules was greatest 
specifically in the leftmost corner of trench A, as opposed to all other positions on the 
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substrate surface. Once the etchant molecules began saturating the entire trench, the 
molecules in its right corner diffused toward the right because illuminated neighboring 
trenches still required etchant molecules. The leftmost corner of trench A had no 
illumination to its left, so the etchant molecules continued to saturate that corner.  
 
 
 
 
 
 
 
 
 
 
 
 
 
8.9 Electrical Biasing of Substrates 
An electrical bias was applied to determine its effect on etch rate and whether it 
could reduce the edge effect [15]. Figure 31 shows an array of squares etched with a 3% 
HCl solution and a 5 V pulsed electrical bias. Due to the high current density within the 
sample holder created through biasing, deep pits appeared on the surface of the substrate. 
Pits on a substrate surface depend on whether the entire substrate is illuminated. They 
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Figure	30.	Staircase	etched	using	controlled	color	intensity	of	 blue	 light.	 	 Left	 (steepest)	 trench	 experiences	 etchant	showcases	worst	leveling.	 
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also depend on the amount of bubbles present on the substrate surface during etching. If 
the entire sample is submerged in etchant but only a portion of the sample is illuminated, 
pits form solely on the illuminated area. If large bubbles (caused by pouring etchant into 
the sample Teflon holder) are present, etchant molecules diffuse to that location and 
create large pits. One advantage of this is that the diffusion of etchant to large bubbles on 
a surface causes the remainder of the surface to etch with fewer defects/pits. 
  An array of squares was specifically selected to analyze the non-uniformity of 
lateral etching in the sample plane. Each square etched differently than its neighboring 
squares (Figure 31). In addition, multiple reflections of each square caused non-uniform 
etching within the individual squares themselves. The multiple reflections are caused by 
the multiple mirrors within the setup along with ghost images caused by the beam 
splitter.     
 
 
 
 
 
 
 
 
 
 
 
Figure	31.	Array	of	squares	etched	using	3%	HCl	etchant.	Deep	holes	(defects)	etched	onto	sample	after	 electrical	 bias	 applied	 due	 to	 high	 current	density. 
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8.10 Microfluidic Master Mold Fabrication 
After investigating how the modification of several parameters, including etchant 
type, etchant concentration, color, intensity, and electrical bias affect PC etching, actual 
microfluidic master mold fabrication began. The optimal etchant was determined to 
contain a 1:1:50 (H3PO4:H2O2:H2O) concentration, agreeing with former colleagues in 
the Photonics Systems Laboratory [8]. Utilizing green 128 provided optimal results 
including a relatively fast etch rate and a smooth substrate surface. During the process, 
different iterations of masks were designed and used to produce final results. To provide 
the most uniform lateral etching, various gradients were applied to the virtual masks. The 
accompanying microscope images and sample profile results are shown in Figures 32 – 
46. All were etched using green 128 and etchants containing phosphoric acid. 
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Figure	 32.	 Microfluidic	 master	 mold	 etched	 using	 1:1:50	(H3PO4:H2O2:H2O)	 etchant	 for	 30	 minutes	 after	 being	 aligned	with	gold	substrate.	
 
Figure	 33.	 Corresponding	 profile	 for	 microfluidic	 master	 mold	 etched	 using	 1:1:50	(H3PO4:H2O2:H2O)	etchant	for	30	minutes	after	being	aligned	with	gold	substrate.	
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Figure	 34.	Microscope	 image	for	microfluidic	master	mold	etched	 using	 2:1:50	 (H3PO4:H2O2:H2O)	 etchant	 for	 60	minutes	after	being	aligned	with	gold	substrate.		
Figure	 35.	 Corresponding	 profile	 for	microfluidic	master	mold	 etched	using	2:1:50	(H3PO4:H2O2:H2O)	etchant	for	60	minutes	after	being	aligned	with	gold	substrate.		
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Figure	36.	Microscope	image	of	narrow	ten-step	microfluidic	device,	 each	with	step	width	of	only	50	μm.	Etch	duration	of	60	min.	Rough	surface	produced.		
 
Figure	 37.	 Corresponding	 profile	 for	 narrow	 ten-step	 microfluidic	 device,	 each	 with	step	width	of	only	50	μm.	Etch	duration	of	60	min.	New	phenomenon	of	 curved	 steps	resulted.				
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Figure	 38.	Microscope	 image	 of	 microfluidic	master	mold	 etched	 using	 virtual	 mask	containing	0.03”	gradient	on	each	step.	Gradient	visible	on	edges	in	image.				
Figure	 39.	 Corresponding	 profile	 of	 microfluidic	 master	 mold	 etched	 using	virtual	 mask	 containing	 0.03”	 gradient	 on	 each	 step.	 Addition	 of	 gradient	eliminated	 etchant	 pooling	 in	 corners,	 though	 imperfectly.	 Each	 step	 has	negligible	positive	slope.		
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Figure	 40.	Microscope	 image	 of	 microfluidic	master	 mold	 etched	 using	 virtual	 mask	containing	0.05”	gradient	on	each	step.	Gradient	visible	on	edges	in	image.	Pits	present	on	 surface	 are	 potentially	 due	 to	 projector	 overheating	 and	 its	 functionality	 changing	under	such	circumstance.		
Figure	 41.	Corresponding	profile	of	microfluidic	master	mold	etched	using	virtual	 mask	 containing	 0.05”	 gradient	 on	 each	 step.	 Addition	 of	 gradient	eliminated	etchant	pooling	 in	 corners.	 Edges	of	 each	 step	 are	more	 curved	than	case	when	gradient	is	0.03”.		
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Figure	 42.	Microscope	 image	 of	 microfluidic	master	mold	 etched	initially	 for	 3	 minutes	 with	 black	 illumination	 followed	 by	 a	standard	30	minute	etch	of	green	128.	A	gradient	was	utilized.			
Figure	43.	Corresponding	profile	for	microfluidic	master	mold	etched	initially	for	3	minutes	with	black	illumination	followed	by	a	standard	30	minute	etch	of	green	128.	Edge	effect	was	eliminated.			
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Figure	 44.	Microscope	 image	 of	 substrate	 surface	 etched	 initially	 for	 6	minutes	 with	white	 illumination	followed	by	a	 standard	30	minute	etch	of	green	128.	Fewer	defects	were	 found	 across	microfluidic	 area	 of	 substrate	 due	 to	 etchant	 diffusion	 toward	 this	large	bubble	(defect),	which	left	remainder	of	surface	free	from	heavy	etchant	molecule	influence.	The	microfluidic	region	of	this	substrate	is	shown	in	Figure	45.		
Figure	 45.	 Microscope	 image	 of	 microfluidic	 region	 etched	 initially	 for	 6	minutes	with	white	illumination	followed	by	a	standard	30	minute	etch	of	green	128.	Fewer	defects	were	found	across	this	area	due	to	etchant	diffusion	toward	defect	in	Figure	44,	which	is	partially	shown	in	top	right	corner	of	this	figure.		
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Figure	 46.	 Corresponding	 profile	 for	 substrate	 etched	 initially	 for	 6	minutes	with	white	 illumination	 followed	 by	 a	 standard	30	minute	 etch	 of	 green	 128.	from	heavy	etchant	molecule	influence.			
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8.11 Edge Effect Removal 
Researchers have determined that there are three processes that affect wet 
chemical etching: 1) diffusion of etchant towards illumination, 2) the chemical reaction 
that results from the interaction between etchant and surface molecules, and 3) the 
diffusion of reaction products towards etched material [16]. We created an experiment 
with the goal of reducing the carrier concentration gradient within etched areas in order to 
reduce etchant molecule saturation within the corners and, thus, the edge effect. To 
control etchant molecule diffusion, we created several masks that enabled power balance 
and color intensity balance across the illuminated surface area. A schematic of the color 
intensity balance mask is shown in Figure 47. While the use of a calibration row did 
enable control of etchant molecule diffusion, we believe that a simpler solution to 
controlling the diffusion exists.   
 
 
 
 
 
 
 
 
 
 
 
Figure	 47.	 Schematic	 of	 virtual	mask	 that	 represents	 color	 intensity	balance.	 Each	arrow	represents	a	specific	color	level	intensity.	The	color	level	was	balanced	across	the	area	outlined	by	the	red	and	green	dashed	lines.	Step	width	was	150	μm	and	step	length	 was	 800	 μm.	 One	 half	 of	 the	 etched	 structure	 represented	 the	 “Calibration	Row,”	which	 could	be	discarded.	 	 Its	 sole	purpose	was	 to	 control	 etchant	molecule	diffusion.		
 
Calibration 
Row 
Structure 
	 48	
Researchers used several simulations to argue that reducing the mobility of 
reaction products would reduce the edge effect [16]. They argued that there is a tendency 
for molecules to diffuse toward etched material. Therefore, reducing the mobility of 
reaction products should reduce etching within the corners. It proved difficult to reduce 
the mobility of reaction products since little is known regarding the composition of the 
reaction products. The sole attempt to reduce the mobility of reaction products involved 
inserting a magnetic stirrer within the sample holder; however, it was impossible to 
diffuse reaction products without also affecting the dispersion of etchant molecules. The 
addition of the magnetic stirrer produced poor results regardless of its placement within 
the sample holder (Figure 48). Although the stirrer was placed in a starting position, once 
rotation began it did not remain localized. The stirrer perturbed the etchant solution 
causing ripples during etching. As a result, the projected image could not properly focus 
onto the sample surface. A focused image in the sample plane is required for proper 
etching.    
 
 
 
		 					Magnetic	Stirrer	Here 		 			Magnetic	Stirrer	
Here 
Figure	48.	Schematic	showing	two	different	starting	positions	for	the	magnetic	stirrer	used	to	reduce	mobility	of	reaction	byproducts.	The	sample	is	the	black	object	in	the	center	of	the	window. 
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8.12 PC Etching of Circular Structures  
The edge effect is present regardless of the shape of the objects that one etches. In 
Figure 49, concentric circles were etched using a 1:1:50 (H3PO4:H2O2:H2O) etchant. Due 
to the presence of an oxidizer within the solution and the absence of gradients on the 
virtual masks used to fabricate the structures, the edge effect can be seen in Figure 50. 
The magnitude of the saturation appears to be different on the two sides of Figure 50, 
however. This is due to misalignment of the sample image.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Previous	hint	from	structure	I	etched.	Shows	difference	in	etch	depths	on	each	side	of	the	structure.	The	width	of	the	trench	varies	on	each	side.	Also	lateral	etching	varies	(i.e.	
Figure	 49.	 Microscope	 image	 of	 concentric	 circles	 etched	 with	 PC	 etching.	 The	innermost	 circle	 has	 radius	 R	 =	 300µm.	 Radius	 of	 each	 circle	 increases	 outwardly.	Change	in	R	for	each	successive	circle	is	200	µm.				
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Figure	 50.	 Corresponding	 profile	 for	 concentric	 circles	 etched	 with	 PC	 etching.	 The	innermost	 circle	 has	 radius	 R	 =	 300	 μm.	 Radius	 of	 each	 circle	 increases	 outwardly.	Change	 in	 R	 for	 each	 successive	 circle	 is	 200	 μm.	 Edge	 effect	 showcased	 strongly	 in	corners	on	both	sides,	although	lateral	etching	appears	non-uniform.		
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9. Conclusions and Future Outlook 
An optimal PC etching setup should provide short etching durations, smooth 
substrate surfaces, uniform etching, infinite selectivity, and an edge resolution that is 
comparable to that of photolithography. Although removing the oxidizing agent from the 
etchant enables a zero dark etch rate, its presence is required to achieve smooth surfaces 
and fast etch rates, based on data contained within this thesis and within published studies 
[17, 18]. Based on the collected data, one might infer that surface smoothness is 
independent of the specific acid used and more dependent on the presence of an oxidizer; 
however, etching a device with a 1:1:50 (H3PO4:H2O2:H2O) etchant solution is suggested. 
If an acid that possesses a faster etch rate than phosphoric acid is desired, one can utilize 
hydrochloric acid. If an acid with a slower etch rate is desired, one can use citric acid.  
Although diluted etchants combined with masks of low-intensity blue light 
produce the smoothest samples, the etch rate is significantly slow. To create the specific 
microfluidic master mold proposed in Figure 1, virtual masks should be created with 
green 128. 
It is possible to etch devices other than the one proposed herein utilizing PC 
etching. To do so, its characteristics should be understood. Before beginning an etching 
session, one must know the conversion factor (i.e. the amount of pixels per micron) 
specific to the optical setup being utilized in order to design virtual mask(s) that project 
the correct dimensions onto the sample plane. Proper etching of any structure requires 
beam collimation and alignment of the optical setup. Regarding the substrate, one can use 
either n+ GaAs or p+ GaAs to etch. Significant PC etching does not occur on intrinsic 
GaAs. 
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Controlling the etchant concentration and doubling the color intensity will 
increase the etch rate by 100% or greater when a 1:1:50 (H3PO4:H2O2:H2O) etchant 
solution is used. Controlling the color intensity and changing the etchant concentration 
from 2% to 3% will only modify the etch rates of white and red light, leaving blue and 
green etch rates unchanged. The etch rate of white and red light will increase by 83% and 
33%, respectively. In general, PC etching has overall etch rates on the scale of 
nanometers per second when the acid concentrations are less than or equal to 5%. Since 
etch rates remain relatively low when increasing the concentration of diluted phosphoric 
acid from 1% to 2%, a safer practice would be to simply increase the duration of the etch 
session while using an etchant of a reduced concentration. Solutions containing heavily 
concentrated amounts of oxidizer should never be used outside of a fume hood. Even if 
no gasses are produced during the etching session, solutions with greater than 5% of 
H2O2 should not be used without the presence of a fume hood.  
Factors that contribute to etch rate variation (in addition to etchant concentration 
and etchant type) include the size of device features and the presence of other colors 
and/or features on the mask. This is because larger dimensions etch at a slower rate than 
smaller features. Etch depth decreases with increasing surface area of the etched features. 
Additionally, illuminating multiple, separated objects on the device during etching also 
impacts etching. The etchant molecules diffuse toward the closest illuminated region on 
the substrate after they begin saturating an area on the substrate, thus producing the edge 
effect regardless of the shape of the projected image. In essence, one can alter the 
diffusion of etchant molecules by illuminating different portions of the substrate at 
different times during etching to control their flow. Including a “standard feature” on 
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each device with the purpose of attracting etching molecules will produce a smoother 
surface than if it is excluded. 
Studies contained within this thesis can be further improved by including 
quantitative analysis of depth deviations within channels created under different 
circumstances. Edge resolution could also be computed for these scenarios. In the future, 
any of the master molds displayed in Figures 32 – 46 can be used as the mold of a final 
PDMS-composed device.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 54	
References 
1. L. Edwards et al., “Microfluidic device fabrication utilizing virtual masks and 
photochemical etching,” Frontiers in Optics (2015), OSA Technical Digest 
(online) (Optical Society of America, 2015), paper FM2B.3. 
2. American Cancer Society, “Cancer facts & figures 2015,” pg. 1 (2015). 
<www.cancer.org>. 
3. L. Kim et al., “Overview of the microfluidic diagnostics commercial landscape,” 
Microfluidic Diagnostics: Methods and Protocols (2012), Vol. 949, pp. 65-83. 
4. L. Kulinsky, Z. Noroozi, and M. Madou; “Present technology and future trends in 
point-of-care microfluidic diagnostics,” Microfluidic Diagnostics: Methods and 
Protocols (2012), Vol. 949, pp. 3-23. 
5. D. Qin et al., “Soft lithography for micro- and nanoscale patterning,” Nature 
Protocols (2010), Vol. 5, pp. 491-502. 
6. C. Jin et al., “Technologies for label-free separation of circulating tumor cells: 
from historical foundations to recent developments,” Lab on a Chip (2013), No. 
14 pp. 32-44. 
7. Y. Jiang et al., “Applications of micro/nanoparticles in microfluidic sensors: a 
review,” Sensors (2014), Vol.14, No. 4 pp. 6952-6964. 
8. C. Edwards et al., “Digital projection photochemical etching defines gray-scale 
features,” Optics Express (2013), Vol. 21, No. 11 pp. 13547-13554. 
9. R. B. Darling, “EE – 527 Microfabrication,” Lecture Notes, 
<https://www.ee.washington.edu/research/microtech/cam/PROCESSES/PDF%20
FILES/WetEtching.pdf >. 
10. M. S. Minsky et al., “Room-temperature photoenhanced wet etching of GaN”, 
Appl. Phys. Letters (1996), Vol. 68, No. 11 pp. 1531-1533. 
11. B. Van Zeghbroeck, “Physics of semiconductor devices,” Lecture notes, 
<http://ecee.colorado.edu/~bart/book/book/contents.htm>. 
12. C. Ashby and D. Meyers, “Carrier-lifetime-controlled selective etching process 
for semiconductors using photochemical etching,” US Patent 5092957 (1992). 
13. T. W. Liepmann, “Wedged plate beam splitter without ghost reflections,” Appl. 
Opt. (1992), Vol. 31, pp. 5905-5906. 
14. C. Edwards et al., “Optically monitoring and controlling nanoscale topography 
during semiconductor etching,” Light and Science Appl (2012), Vol. 1, No. 9 pg. 
e30.  
15. A. Yamamoto and S. Yano, “Anodic dissolution of n-type gallium arsenide under 
illumination,” Journal of the Electrochemical Society (1975), Vol. 122, No. 2 pp. 
260 – 267.  
16. A. A. G. Bruzzone and A. P. Reverberi, “An experimental evaluation of an 
etching simulation model for photochemical machining,” CIRP Annals - 
Manufacturing Technology (2010), Vol. 59, No. 1 pp. 255 – 258. 
  
	 55	
17. J. Skriniarova et al., “Photoenhanced wet chemical etching of n+-doped GaN,” 
Materials Science and Engineering (2002), Vol. 91-92, pp. 298-302. 
18. P. N. Rao and D. Kunzru, “Fabrication of microchannels on stainless steel by wet 
chemical etching,” Journal of Micromechanics and Microengineering (2007), 
Vol. 17, No. 12 pp. N99-N106. 
 
